Possible involvement of sympathetic purinergic transmission in the neurogenic response of dog cerebral and basilar arteries was examined with the use of o,13-methylene ATP and adrenoceptor, cholinoceptor blocking agents. 2 In the isolated basilar arteries, electrical transmural stimulation produced a transient contraction which was frequently followed by a relaxation. This transient contraction was abolished after desensitization of P2-purinoceptors with x,1-methylene ATP or by treatment with guanethidine. The relaxant response induced by electrical stimulation was also attenuated but was not abolished by such treatments. Prazosin, propranolol and atropine had no significant effect on the responses to electrical stimulation. Yohimbine augmented both the contractile and relaxant responses. 3 In most preparations of the dog middle cerebral arteries, electrical transmural stimulation produced only a relaxation. This relaxation was little affected after treatment with o,1-methylene ATP or guanethidine, and was not inhibited by the other adrenoceptor and cholinoceptor blocking agents. 4 Tetrodotoxin abolished the responses induced by electrical transmural stimulation in both the basilar and middle cerebral arteries. 5 Exogenous ATP (10-6 and 10-M) produced a transient contraction followed by a relaxation ofthe basilar arteries and a relaxation of the middle cerebral arteries. Desensitization of P2-purinoceptors abolished the contractile response to ATP without affecting the amplitude of relaxation. 6 In the basilar and middle cerebral arteries preincubated with [3H]-noradrenaline, electrical transmural stimulation evoked an increase in 3H-efflux and this response was markedly inhibited by guanethidine or tetrodotoxin but was not affected by a,1-methylene ATP. Yohimbine increased the evoked 3H-efflux. 7 These findings indicate that cerebral arteries of the dog are innervated by sympathetic purinergic nerves and non-sympathetic nerves which liberate unknown vasodilator substance(s), and that the former nerves are more dominant in the neurogenic response to electrical stimulation of the dog basilar artery than in the middle cerebral artery.
Introduction
Cerebral blood vessels of several species receive a rich supply of adrenergic, cholingeric, 5-hydroxytryptaminergic and peptidergic fibres (Ohgushi, 1968; Iwayama et al., 1970; Owman et al., 1974; Burnstock, 1977; Edvinson et al., 1980; 1981; Griffith et al., 1982) . However, despite intense investigation, the function of these fibres remains controversal (Evdinsson & Mackenzie, 1977; Heistad & Marcus, 1978; Purves, 1978; Marcus & Heistad, 1979) . Studies on isolated cerebral arteries revealed a variety of neurogenic responses and atypical features not 'Author for correspondence. explained simply by adrenergic and cholinergic mechanisms. For example, electrical transmural stimulation of isolated cerebral arteries produces a contraction in the rabbit and sheep (Lee et al., 1976; Duckles, 1979) , a relaxation in the cat, monkey and human (Lee et al., 1978; Toda, 1981) and both contraction and relaxation in the dog (Muramatsu et al., 1978; 1981) . The contractile response is abolished by the adrenergic neurone blocking agents guanethidine and bretylium but is not inhibited by a-or 1-adrenoceptor blocking agents (Muramatsu et al., 1977 ; Lee et al., 1978; Toda, 1981) . Rather, a-adrenoceptor blocking agents such as phentolamine enhance the neurogenic response (Muramatsu et al., ) The Macmillan Press Ltd 1987 1981) . The relaxation induced by electrical stimulation is resistant to adrenoceptor and cholinoceptor blocking agents. These lines ofevidence suggest that the neurogenic response of the cerebral artery may be caused by non-adrenergic, non-cholinergic neurotransmitter substances.
We demonstrated that the neurogenic response of the dog isolated basilar artery to electrical transmural stimulation was mimicked by exogenously applied ATP but not by noradrenaline (Muramatsu et al., 1981) . Since 3H-purine compounds were released by electrical stimulation of the basilar artery preincubated with [3H]-adenosine and this release was inhibited by bretylium or tetrodotoxin, the possible involvement of adenine nucleotides in the sympathetic response of the dog basilar artery was investigated (Muramatsu et al., 1981) . We present here further evidence for sympathetic purinergic transmission in the dog cerebral arteries; that is, the neurogenic response is inhibited by P2-purinoceptor desensitization with a,4-methylene ATP (Kasakov & Burnstock, 1983; Muramatsu, 1987) as well as by treatment with guanethidine.
Methods
Dogs of either sex, weighing 8 to 15 kg, were anaesthetized with thiopentone sodium (20 mg kg-', i.v.), exsanguinated from the common carotid arteries, and the basilar and middle cerebral arteries isolated. The arteries were then cut helically into strips approximately 1 to 1.5mm in length, under a dissecting microscope. These strips were mounted vertically in an organ bath containing 20 ml Krebs-Henseleit solution of the following composition (mM): NaCl 112, KCI 5.9, MgCl2 1.2, CaCl2 2, NaHCO3 25, NaH2PO4 1.2 and glucose 11.5. The bath medium was maintained at 37'C, pH 7.4, and was equilibrated with a gas mixture consisting of 95% 02 and 5% CO2. Initially a tension of 1.0 g was applied and the preparations were allowed to equilibrate for 90 min in the bathing medium before experiments were started. During the equilibration period the preparations initially relaxed and then a spontaneous tonic tension ranging from 0.7 to 1.5 g developed. This tension was maintained throughout the experiment.
Desensitization ofthe P2-purinoceptor was achieved by the addition of x,4-methylene ATP (5 x 10-6 M), which produced a transient contraction followed by a relaxation. This relaxation gradually diminished, thus the tone returned to the original level in many preparations (Figures la and 2a Muramatsu et al. (1981) . The basilar and middle cerebral arterial preparations were preincubated with [3H]-noradrenaline (2 x 10-' M) in Krebs-Henseleit solution containing 5.7 x 10-4M ascorbic acid for 90min at 37°C. These strips were then suspended between a pair of parallel platinum wire electrodes under 1 g of tension. The Krebs-Henseleit solution containing 5.7 x 10-' ascorbic acid was bubbled with 95% 02, 5% CO2 at 37C and was superfused using a peristaltic pump at a flow rate of 1 ml min-'. Before the start of the experiments, each strip was equilibrated for 120 min, after which electrical transmural stimulation was applied through a pair of electrodes. Stimulus parameters were of a frequency of 10 Hz, duration of0.1 ms and supramaximal voltage (7 V) for lOs. Superfusate solution was collected every 1 min and the radioactivity was determined by counting in a Packard Tri-Carb liquid scintillation spectrometer. The spontaneous 3H-efflux decreased exponentially to reach a plateau during the equilibrated period for 120 min. Thus, the increase in 3H-efflux induced by electrical stimulation was calculated to be the net 3H-efflux by stimulation. The drugs to be tested were superfused 15 min before the initiation of electrical stimulation.
The following drugs were used: lithium salt of a,-methylene ATP (Sigma, MO, U.S.A.), (± )-propranolol hydrochloride, atropine sulphate, yohimbine hydrochloride (Nakarai, Kyoto, Japan), guanethidine sulphate (Tokyo-Kase, Tokyo, Japan), tetrodotoxin (Sankyo, Tokyo, Japan), prazosin hydrochloride (Taito-Pfizer, Tokyo, Japan), adenosine triphosphate (ATP; Kohjin, Tokyo, Japan) and (-) LGuanethidine 3xio -6 m TTX 5x 10-7 M contraction followed by a relaxation and/or a late contraction (Muramatsu et al., 1981) . In this series of experiments also, the basilar arteries elicited a transient contraction (n = 39) in response to electrical transmural stimulation (10 or 30 Hz, for IO s) and this contraction was followed by a relaxation in 31 out of 39 preparations (Figure 1 ). These responses were abolished by tetrodotoxin (5 x 10-M, n = 7) but were unaffected by prazosin (10-vM, n = 5), propranolol (10-6 M, n = 4) and atropine (10-6 M, n = 56). Yohimbine (3 x l0-M) enhanced the contractile (34 ± 6% increase) and relaxant (29 ± 8% increase) responses (n = 6).
The addition of a,p-methylene ATP (5 x 10-6 M)
elicited a large contraction of the dog basilar artery. This contraction was followed by a relaxation which gradually diminished to the original level, even though the drug was present in the bath. Under such conditions, electrical stimulation failed to produce the initial contraction, and the subsequent relaxation was attenuated (33 ± 7% decrease), as compared with the response before treatment with the drug (Figure a ).
Further addition of the same concentration of ax,Pmethylene ATP (total 10-5M in the bath) elicited neither contractile nor relaxant responses, thereby indicating that the preparation was desensitized to the drug. Guanethidine (3 x 10-6 M) also abolished the contractile response to electrical stimulation and inhibited the relaxation (23 ± 5% decrease) (n = 5) ( Figure Ib) . On the other hand, upon electrical transmural stimulation, most of the preparations of the middle cerebral artery (25 out of 29) produced relaxation only. This relaxation was unaffected by desensitization to a,p-methylene ATP (5 x 10-6 M, n = 5) or by guanethidine (3 x 106 M, n = 5) (Figure 2 ). Tetrodotoxih (5 x 10-M) abolished the relaxation, whereas prazosin (10-7 M), propranolol (10-6 M), yohimbine (3 x 10-8 M) and atropine (10-6 M) had no significant effect (n = 3, for each drug). In the other 4 preparations of the middle cerebral artery, a small, transient contraction was evoked before development of the relaxation in response to electrical stimulation; the initial contraction was abolished and the subsequent relaxation was slightly attenuated (less than 10% decrease) by a,-methylene ATP or guanethidine, The contraction and part of the relaxation of the basilar artery induced by electrical stimulation were suppressed by guanethidine. This confirms our previous observations, in which the neurogenic response of the dog basilar artery was inhibited by bretylium or superior cervical ganglionectomy (Muramatsu et al., 1981) . Furthermore the present study demonstrates that after desensitization to a,-methylene ATP, an inhibitory effect similar to that seen with gunathidine is observed; that is the contractile response to electrical stimulation is abolished and the relaxant response suppressed.
Although there are a few exceptional cases (Byrne & Large, 1986; Amobi & Smith, 1987) , a,P-methylene ATP is a highly selective P2-purinoceptor agonist (Burnstock & Kennedy, 1985) and persistent treatment finally desensitizes the P2-purinoceptor itself in many preparations (Kasakov & Burnstock, 1983; Katsuragi & Furukawa, 1985; Muramatsu, 1987 (Sneddon & Burnstock, 1984; Kugelgen & Starke, 1985; Muramatsu, 1986; Burnstock & Warland, 1987a) . As in the basilar artery, relaxation of the middle cerebral arteries was resistant to the adrenoceptor and cholinoceptor blocking agents tested. This is reminiscent of the non-adrenergic, non-cholinergic relaxation noted in cerebral arteries of many species (Lee et al., 1978; Muramatsu et al., 1978; Toda, 1981) . The present study showed that guanethidine and a,-methylene ATP has no effect on the relaxant response, thereby suggesting that the relaxation is non-sympathetic and non-purinergic in nature. This component is probably the same one as the residual relaxant response observed in the basilar artery after treatment with guanethidine and/or a,p-methylene ATP. Since the cerebral artery is innvervated by various peptidergic fibres (Edvinsson et al., 1980; 1981;  Burnstock, 1986) , it is likely that the residual non-sympathetic, non-purinergic relaxation of the dog cerebral artery may be caused through such peptidergic nerve(s).
Dog basilar and middle cerebral arteries are densely innervated by sympathetic adrenergic nerves (Ohgushi, 1968; Muramatsu et al., 1977) . In the present study electrical transmural stimulation of the basilar artery and middle cerebral artery evoked an increase in 3H-efflux from preparations which had been incubated with [3H]-noradrenaline and the efflux was markedly inhibited by guanethidine or tetrodotoxin. Thus, it is reasonable to assume that noradrenaline released from sympathetic nerve terminals is involved in the neurogenic response. However, prazosin and propranolol did not inhibit the neurogenic response, and yohimbine enhanced both the mechnical response and 3H-efflux induced by electrical stimulation. The postsynaptic a-adrenoceptor of the dog cerebral artery is the a2, not the oa, subtype and the contractile potency of noradrenaline through the a2-adrenoceptors is much lower than that of ATP or other contractile substances (Muramatsu et al., 1981; Sakakibara et al., 1982; Tsukahara et al., 1986) . These lines of evidence support our view that, although noradrenaline is released from the sympathetic nerve terminals, it acts as a neuromodulator (via presynaptic a2-adrenoceptors) rather than as a neurotransmitter in the dog cerebral arteries (Muramatsu et al., 1981) . The evidence that aj-methylene ATP inhibits the sympathetic component of the neurogenic response without affecting the 3H-efflux, strongly suggests that the sympathetic response may be caused by ATP or related substances which are released concomitantly with noradrenaline. 3H-purine release from sympathetic nerve terminals has been demonstrated in basilar arteries preincubated with [3HJ-adenosine (Muramatsu et al., 1981) .
ATP produced contractile and relaxant responses in the basilar artery, whereas only a relaxation was observed in the middle cerebral artery. These results indicate that there is a regional difference in the ATP response of dog cerebral arteries (Muramatsu et al., 1980) . Recently, P2-purinoceptors have been subdivided into P2, and P2y, which are selectively inhibited by x,p-methylene ATP and reactive blue 2, respectively (Burnstock & Kennedy, 1985; Burnstock & Warland, 1987b; Hopwood & Burnstock, 1987) . The contraction induced by ATP of the dog basilar artery was abolished by desensitization to x,B-methylene ATP, thereby suggesting that the contractile response, at least, is mediated through the P2h-purinoceptor. On the other hand, the relaxant response to ATP was not attenuated by x,-methylene ATP although the pattern of the response was modified. This lack of inhibition may mean that the relaxation induced by exogenous ATP is predominantly mediated through different types of purinoceptors such as P2, or P, (Burnstock & Warland, 1987b ). Previously we observed that ATP-induced relaxation of the dog cerebral artery was partially but not completely inhibited by a PI-purinoceptor antagonist, theophylline (Muramatsu et al., 1980) . Although reactive blue 2 has recently been claimed to block selectively P2y-purinoceptors (Burnstock & Warland, 1987b) ; Hopwood & Burnstock, 1987) , we have not yet used this drug successfully in the dog cerebral artery because of a strong relaxation induced by the drug alone (I. Muramatsu, unpublished observation).
In conclusion, the present study clearly shows that the dog basilar and middle cerebral arteries are innervated by both sympathetic and non-sympathetic nerves and that excitation of the sympathetic nerves causes a purinergic response, predominantly in the basilar artery.
